Three electromagnetically well-characterized bulk samples with nominal resistivities at 40 K [(40 K)], varying from 1 to 18 ⍀cm, were investigated by conventional and high-resolution transmission electron microscopy. Clean, coherent, or semi-coherent grain boundaries and dirty-grain boundaries wetted by amorphous phases were found in all three samples, even though the starting sample A had the very low resistivity of 1 ⍀cm at 40 K, characteristic of clean-limit samples. Taking into account its porosity and wetted-grain boundary area, the true resistivity value is about 0.5 ⍀cm. Additional samples B and C, prepared by exposing sample A to Mg vapor, showed enhanced (40 K) values of 14 and 18 ⍀cm, without noticeable change in either inter-or intra-granular microstructure. Intragranular nanoprecipitates with characteristics of a spinodal of MgB 7 , with a size of 1-5 nm, were observed in a few areas of samples A and B at high local density; however at too low an overall density to explain the increased resistivities and upper critical fields.
I. INTRODUCTION
There are two main reasons to understand the electronic scattering processes in the superconductor MgB 2 . First, such an understanding would elucidate the two-gap nature of superconductivity. Second, this is an important understanding because scattering controls the upper critical field, H c2 . In recent work it has become clear that the possibility of scattering within (and perhaps between) the and bands 1 sets up the possibility of a strong enhancement of H c2 to values higher than any practical Nb-based superconductor. 2, 3 Such results apply both to thin films and bulk samples of MgB 2 . 3 However, the presence of porosity, insulating grain-boundary phases, and impurities within the MgB 2 grains makes it (so far) generally unclear which component of the measured resistivity is determined by the intragranular scattering that controls H c2 ; and which, by problems of nonuniform connectivity arising from those components of the sample, do not fully carry current. This issue has recently been reviewed by Rowell, 4 who argues that many measurements (probably most) of resistivity (defined by the usual equation ‫ס‬ RA/l, where R is the resistance, A the sample cross-section, and l the gauge length) are compromised by poor connectivity, which renders both A and l uncertain. Consistent with this interpretation, many samples possessing high reported values of (40 K) also have large temperature-dependent resistivities incompatible with strong intragrain scattering. He argues that strong temperature dependence in the resistivity is evidence for a low value of intragrain scattering and a strongly reduced fraction of the sample cross-section carrying current; this situation often being due to porosity or to insulating grain-boundary phases. Thus in the literature most values of resistivity offer little quantitative value for evaluating the intragrain scattering processes that control the intra-and interband scattering, which in turn determines the upper critical field and the superconducting transition temperature.
The present study was started to better understand some aspects of this scattering and resistivity problem, particularly in trying to understand how best to enhance H c2 . Increasing resistivity should enhance H c2 , as made clear by a recent theory (by Gurevich) of the upper critical field within the 2-gap scenario. 2 However, the physically relevant parameters determining H c2 are the intragrain scattering and electronic diffusivities within and between each band, parameters that need to be evaluated by resistivity measurements that characterize the grains without being compromised by the connectivity issues raised by Rowell. 4 We believed that the sample set of Braccini et al. offered several advantages for such a study. First of all, the three samples started from a common basis of a very low resistivity sample made from high-purity materials. As shown by Ribeiro et al., 5 highpurity starting materials are important to the development of low resistivity in MgB 2 . Indeed the enhanced resistivity of dirtier samples points to the fact that small impurities can indeed increase intragrain scattering in MgB 2 . A second advantage of the starting sample A was that several measurements had shown it to be Mgdeficient, 6,7 though there was not close agreement on the magnitude of this deficiency. This deficiency provided a rationale to treat the sample in Mg vapor so as to perhaps reduce the deficiency. A third advantage of the threesample set was that they had a common base, allowing us to believe that the connectivity factor would not be greatly different from one sample to another; and thus permitting a simpler view of what was controlling the electronic scattering within the samples. A fourth advantage is that the samples had been extensively characterized from an electromagnetic point of view; and thus microstructural analysis would be additionally valuable. In this paper we first report on the details of our microstructural investigations and then consider what light they shed on the previous questions and motivations.
II. EXPERIMENTAL DETAILS
As described in the earlier paper 7 on the preparation and electromagnetic properties, the original clean-limit sample A was made from a stoichiometric mixture of high purity Mg (99.999 wt%) and B (99.95 wt% purity 11 B). The mixed powder was put in a Ta crucible, welded under argon, sealed in a quartz tube under vacuum, then reacted at 950°C for 24 h, and quenched to room temperature. A small amount of condensed Mg was evident on the top of the Ta crucible after the quench. A Rietveld refinement performed (using neutron diffraction by Bellingeri et al. 6 ) gave an overall composition of Mg 0.83 B 2.0 for the MgB 2 phase. Subsequent overall analysis by electron-probe microanalyzer confirmed a Mg deficiency, though with an overall Mg:B ratio of 0.95:2.0. Samples B and C were prepared by exposing pieces of sample A to Mg flakes in evacuated Nb tubes, arranged such that no contact was possible between liquid Mg and the MgB 2 , because the Nb crucibles were sealed in quartz capsules. Sample B was slow cooled in 10 h from 960°C to room temperature, while C was quenched from 960°C to room temperature. Table I lists the principal resistive [(40 K)] and superconducting properties, T c , the magnetically determined irreversibility field H* M , and the upper criticalfield slopes dH c2 /dT at T c . It can indeed be seen that the treatment of starting sample A with Mg vapor strongly enhances (40 K), H* M , and dH c2 /dT| Tc . A particularly valuable effect of the treatment is the doubling of the irreversibility field of the slow-cooled sample B, from about 7.4 T to approximately 14 T. These H c2 enhancements suggest that considerable intragrain scattering has been added by the Mg-vapor treatment; especially if, as envisaged, there has been no change to the connectivity factor for samples B and C.
X-ray and neutron diffraction detected only peaks from MgB 2 , without any indication of Mg, MgO, or MgB 4 for samples A and C. In the slow-cooled sample B, a small quantity of free Mg was detected; but neither MgO nor MgB 4 was found. The macroscopic porosity was estimated to be about 30%, for all samples.
Transmission electron microscopy (TEM) samples were prepared by mechanical thinning, followed by argon ion milling to electron transparency. A liquidnitrogen cooled stage, low ion-milling current/voltage, and a low sputtering angle were used to keep the sample cold during thinning, so as to minimize specimen damage. Electron diffraction, diffraction-contrast imaging, and high resolution TEM investigations were conducted in a CM200 transmission electron microscope operated at 200 kV.
III. RESULTS
A. Interface studies
Clean crystalline interfaces
In full consistency with the x-ray diffraction (XRD) measurements, no sample showed any MgO and MgB 4 under TEM observation. Randomly oriented, equiaxed MgB 2 grains (with an average size of 1-2 m) were the dominant feature of the TEM images. Structural analysis first probed the interfaces. Many grains possessed fully crystalline grain boundaries. Figure 1(a) shows a typical low-angle grain boundary in sample A, in which evenly 
Figure 1(b) shows another kind of crystalline grain boundary. The dislocations making up the inclined boundary are readily distinguishable as a network; a fact that indicates that the misorientation is also very small, suggestive of this boundary being a subgrain boundary. Another kind of nano-domain found in sample A is shown in Fig. 4 . This square-shaped nano-domain with a size of 150 nm is strongly faceted along the (100) and (001) planes of MgB 2 and is clearly identifiable in HREM images viewed along the common [100] direction of domain and matrix. The interface between domain and matrix is indicated and enlarged in Fig. 4 . No dislocations were observed at the domain wall, showing that the interface is fully coherent. The distinct interface contrast under HREM imaging is presumed to arise from the interface strain field, a concept that suggests a slightly different lattice parameter for matrix and domain. Similar nano-domains with regular shape and faceted boundaries were reported earlier for [001]-oriented YBCO thin films, where they are associated with interchange between the slightly different a and b axes of the orthorhombic YBCO phase. 10 Like the nano-domains shown in Fig. 2 , the frequency of observation was small. However, they do suggest an ability of MgB 2 to precipitateout small quantities of precipitate, presumably leaving behind a purer MgB 2 phase. This ability to precipitateout nano-domains of slightly different lattice parameter MgB 2 has also been seen in SiC-doped MgB 2 by Dou et al.; but these perhaps C-doped MgB 2 precipitates were only partially crystalline and only 2-4 nm in diameter. 11 
Amorphous grain-boundary films
The above-mentioned grain boundaries in lowresistivity sample A are all free of secondary phases. However, at some grain boundaries in all three samples, amorphous layers were found. Some of the grain boundaries are strongly faceted along low index atom planes, as shown for sample A in Figs. 6(a)-6(c). In Fig. 6(b) , the upper grain is aligned with its [100] direction parallel to the electron beam. The (101) and (001) facets are evident and some are contaminated by contact with amorphous pockets, as shown in Fig. 6(c) . Annealing sample A under Mg vapor failed to remove the interfacial amorphous pockets. For samples B and C, some of the amorphous layers developed a sandwich structure, as shown in Fig. 6(d) (sample B) , where one crystalline layer is sandwiched by two amorphous layers. The HREM image shown in the inset of Fig. 6(d) presents the interface between the amorphous layer and MgB 2 . The total thickness of the interfacial layer is about 20 nm, while the central crystalline layer lying between the amorphous layers is less than 10 nm in thickness.
B. Intragranular nano-precipitation
In general all three samples have a very low dislocation density and few stacking faults, as is generally illustrated in the images of Figs. 1-6 . Surprisingly, spherical nano-precipitates with a uniformly dense distribution were discovered in a few areas of starting sample A and slow-cooled sample B. The morphology of nanoprecipitates found in different areas of low-resistivity, sample A, is shown in Figs. 7(a), 7(b) and 7(c). The particle size varies in the range of 1-5 nm. As shown in Figs. 7(a), 7(b), and 7(c) the particles are of rather uniform density. In the presence of dislocations they are not greatly denser or larger, although some precipitates have aligned along the dislocations visible in Fig. 7(b) . It is also noticeable that the density of nano-particles is not enhanced in the vicinity of the dislocations. Some nanoparticles were also identified near the grain boundary triple junctions, as shown in Fig. 7(d) , where particles from the grain interior and the triple junction pockets are shown. The average particle size at the boundary is, however, larger than in the neighboring grain interior. In the triple junction areas, crystalline nanoparticles can also exist in an amorphous matrix, as is shown in Fig. 7(d) . The image in Fig. 7(e) is taken from the edge of the TEM sample where the MgB 2 matrix is amorphous. It is intriguing that the nano-precipitates show better stability than the MgB 2 matrix after ion milling to electron transparency, even though extra care was applied to avoid amorphizing the very edge of the TEM sample.
Selected area electron diffraction was used to identify the structure of the nano-precipitates in sample A. The complex diffraction pattern, obtained by tilting the MgB 2 grain to the [-1,-2, 4] direction, is composed of a superposition of matrix-diffraction pattern and diffraction rings from the nano-precipitates, as shown in Fig. 8(a) . Such a complex diffraction pattern allows us to calculate the lattice spacing d of the nano-precipitates, using the diffractions from the MgB 2 as an internal reference. The diffraction rings of the nano-precipitates can be wellindexed as those from the so-called MgB 6 structure with d spacings of 2.41 Å, 2.18 Å, 1.76Å, and 1.28 Å respectively. Diffraction rings taken from the nano-precipitates from the amorphous grain-boundary triple junction area are shown in Fig. 8(b) . Diffraction rings both from the crystalline MgB 2 grain interior and triple junction areas indicate that the nano-precipitates are randomly oriented.
Detailed crystallographic information from these MgB 6 nano-precipitates was revealed by high-resolution crystalline interface between the crystalline MgB 2 matrix and the nano-precipitates. We found no specific orientation relationship between the MgB 2 matrix and these spherical nano-precipitates. A cluster with 4-5 nanoprecipitates in close proximity is shown in Fig. 9(b) . The image is taken along the [111] direction of MgB 2 . The Moiré fringes, which are parallel to the (2,-1,-1) planes of the MgB 2 matrix, indicate that the plate-shaped precipitate has one set of habit planes parallel to the (2,-1,-1) planes of the MgB 2 matrix. Nanoscale strain field contrast, indicating fully coherent precipitates, was also observed after careful inspection of the HREM images. As shown in Fig. 9(c) , the bean-shaped strain field contrast 12 decorates the anisotropic plate-shaped region with a thickness of a few atomic layers and indicates the presence of clusters or precipitates with a size of about 5 nm × 1.5 nm. The continuity of the lattice fringes running across the strained areas means that this nano-cluster is fully coherent with the MgB 2 lattice. The strain field must be caused by slight differences in lattice spacing in the direction along the long axes of the plate-shaped precipitates perpendicular to the resolvable MgB 2 lattice planes in the HREM image.
IV. DISCUSSION

A. Grain boundary and interface structures
It has been widely reported that grain boundaries in MgB 2 samples can be contaminated with amorphous phases, especially B-rich samples. [12] [13] [14] But in most cases the samples have been made with commercial or unknown grades of Mg, B, or pre-reacted MgB 2 . What is striking is that the present samples were made from highpurity Mg and B and had very close to clean-limit resistivity values. Nevertheless, about 30% of the grain boundaries contained amorphous phases in these three samples. It is true that the majority of grain boundaries, especially low-angle boundaries, were clean (for example the low-angle grain boundary in Fig. 1 , with evenly spaced dislocations and the coherent domain boundaries of the "MgB 2 precipitates" found within the MgB 2 grains) (Figs. 2-4) . However, some boundaries, which were faceted along low index planes, were wetted by amorphous phase. As discovered from earlier studies of sintered pellets of pre-reacted MgB 2 , 13,14 amorphous interfacial films and pockets are rather common in bulk MgB 2 samples. Klie et al. 15 have shown that such layers contain B and O. They have studied both the single amorphous layer type shown in Figs. 5 and 6 for sample A, as well as the trilayer in which MgO is the crystalline phase and which is consistent with the image of sample C in Fig. 6(d) . It is perhaps worthy of note that the sample studied by Klie was made by sintering pre-formed MgB 2 and that it had a slightly depressed T c of ∼37 K, 16 consistent with some contamination during processing (particularly by O, which was explicitly seen by electron energy-loss analysis, both within the grains and in the amorphous grain-boundary phases). In the present three samples, in spite of the high purity starting materials and their very low resistivity, the quantity of such contaminated boundaries is at least 30%. The source of the amorphous phases is unclear. Crystalline B (99.95 wt% purity 11 B) and 99.999 wt% pure crystalline Mg flakes were used for the synthesis, suggesting that the amorphous phase is a reaction product, rather than a residue from the starting materials. However, annealing sample A under Mg vapor to produce higher resistivity samples B (18 ⍀cm and RR ‫ס‬ 3.1) and C (13.5 ⍀cm and RR ‫ס‬ 3.1) failed to remove the B-rich interfacial amorphous pockets; although some change was observed in the slow-cooled sample B, as shown in Fig. 6(d) . Many ceramic materials exhibit evidence for thin, wetting, amorphous intergranular films. 17 It is generally accepted that interfacial amorphous films are caused by high solid-vapor interface energy. 18 The wetting behavior of grain boundaries is also interface-energy dependent. At equilibrium, intragranular phases will wet the grain boundary if the interfacial energy of the clean boundary, ␥ b is greater than twice the grain-film interfacial energy, 2␥ b-f . Low energy boundaries, such as low-angle grain boundaries, are more likely to be free of intragranular phases. 19 This general principle is consistent with our observations.
B. Implications of the formation of the intragranular nano-precipitates
Possible spinodal decomposition
The presence of nano-precipitates of various types (Figs. 2, 4 , 7, and 9) inside the very-close-to-clean-limit MgB 2 sample A clearly indicates that solid-state phase separations can occur in the MgB 2 system. For metallic materials, precipitation phenomena are customarily explained on the basis of general nucleation and growth processes or of a spinodal. The MgB 2 domains of Figs. 2 and 4, which possess a different lattice parameter to those of the MgB 2 matrix, suggest conventional nucleation and growth processes with precipitates that are 100-400 nm in size; while the approximately 5 nm precipitates of MgB 7 in Figs. 7-9 suggest formation by a different process. The dense and uniform distribution of intragranular nanoparticles suggests that homogenous nucleation is occurring. Consistent with this suggestion, the precipitates shown in Fig. 7(b) are not greatly denser or larger on the dislocations, as is common for precipitate nucleation and growth. Based on electron diffraction, the nanoprecipitates were indexed as MgB 6 according to the available XRD database. The formation of B-rich phases in the thermal decomposition of MgB 2 was investigated earlier and they were confirmed to be MgB 4 and MgB 6 . [20] [21] [22] The crystal structure of MgB 6 was subsequently determined to be of orthorhombic symmetry (space group Imam, a ‫ס‬ 5.597Å, b ‫ס‬ 8.125 Å, and c ‫ס‬ 10.480 Å) with the actual formula of MgB 7. 23,24 Based on the morphology, we tentatively propose that they form by a spinodal decomposition.
The multiple types of precipitation seen in the purest sample A may bear on the issue of whether or not MgB 2 is a line compound or whether it occurs precisely at the 1:2 composition, a question that is still controversial. 6, 25, 26 In this case we made starting sample A with the exact 1:2 atomic ratio but observed evident extra Mg on the top of the Ta crucible after reaction. Independent neutron diffraction analysis 6 of sample A showed that the composition of the MgB 2 phase was actually Mg 0.85 B 2 . Subsequent electron probe microanalysis showed the whole-sample Mg:B ratio to be 0.95:2. Thus three separate observations support the finding that the sample, as made, was Mg-deficient. Indeed, it was this observation that prompted the Mg-vapor treatment as a means of making the material more stoichiometric. Electron probe microanalysis did not reveal any change in the overall Mg:B ratio after Mg-vapor treatment, however, leaving uncertain the actual mechanism by which this treatment enhanced the scattering and superconducting properties of samples B and C. 7 The present microstructural findings suggest one possible means by which variable stoichiometry can occur in the MgB 2 system. This means is by a phase separation within MgB 2 grains, such that Mg 1−x B 2 can transform to MgB 2 + MgB 7. Thus the formation of MgB 7 can compensate some degree of Mg deficiency. If we disregard the evidence for Mg deficiency, the reaction would thus have to be written as MgB 2 transforming to Mg 1+x B 2 + MgB 7 . However, the general impact of this precipitation on the superconducting properties of these samples is not likely to be large, because it was seen in only 2-3% of the examined grains.
With respect to the also rare, larger precipitates possessing the MgB 2 structure with slightly different lattice parameters, seen in Figs. 2 and 4, they may have their origin in minor impurity doping, even though the starting purity of the synthesis materials was high. The likeliest candidate is residual impurities, presumably C from the starting B, or oxygen doping that can produce Mg(B,O) precipitates as reported by Liao et al. 27 and Klie et al. 28 Finally we note that the observed nano-precipitates are, in most cases, spherical. In general, the interface energy of a coherent boundary is less than that of an incoherent boundary, so that formation of precipitates with plate shapes and definite structural relationships to the matrix is usually strongly preferred. In the present case, spherical nanoparticles indicate that surface, rather than strain energy, dominates the shape of the precipitates.
It is to be noted that MgB 2 is a very strong elastic solid with a hardness of well over 1000 kg/mm 2 , making significant strain energies possible. As noted in the last section, however, wetting phases are found at many highangle grain boundaries, again indicating the importance of reduced interface energy in determining interface morphology.
C. Electromagnetic implications of the microscopy observations
An important motivation for the present study was that, starting from very low resistivity sample A, exposure to Mg vapor for 24 h at 960°C followed by a slow cool (sample B) or quenching (sample C) produced significant enhancements of resistivity that must be directly related to intragrain scattering (because H c2 was strongly enhanced too). Table I shows that samples B and C had their upper critical field slope at T c enhanced from 0.5 T/K (A) to 1.2 T/K (B and C). The magnetic irreversibility field H* M at 4.2 K, which we believe occurs at approximately 0.9 H c2 ⊥ , rose from 7.4 T (A) to 14 T (B-slow cooled) to 11.8 T (C-quenched). These changes correlate to increases in (40 K) from 1 (A) to 18 (B) to 13.5 ⍀cm (C), as shown in Table II . Only in the case of nano-particle SiC-doped bulk samples for which (40 K) reached the extraordinarily high value of 300 ⍀cm 29 have we seen a higher value of H* M . But in fact H* M (4.2K) ∼15T for this SiC-doped sample was only about 5% larger than for sample B, even though (40 K) was some 20 times larger. This comparison seems to bear out the conjecture of Rowell, 4 that the nominal measured resistivity is often not useful for understanding the intragrain scattering that controls H c2 . Table II compares the resistivity data of the present sample A to that of a similar clean-limit bulk sample made by the Ames group, 30 also using high-purity starting materials, and to two other samples, one B-coated W wire 31 and one thin film made by decomposition of BH 4 and subsequent reaction with Mg vapor. 30 Both these routes use relatively high-purity B in the gas phase, and we thus presume that all samples had a lot less C or O impurity-scattering than is common in normally made MgB 2 . In the bulk samples, the likely principal impurity is C within the B. C is known 26, 32, 33 to dissolve in MgB 2 and to depress T c . We assume that O is mostly picked up Table II also compares the data of sample A to several other samples that are considered to be near (or at) the clean limit for MgB 2 . Sample A has identical (40 K) ‫ס‬ 1 ⍀cm to the bulk Ames sample, though its RR is a little smaller (15 versus 20) . Like the present samples, the Ames samples were not fully dense either. 30 Canfield et al. estimate that a more accurate value of (40 K) is obtained from MgB 2 filaments, because their density is greater than 95%. Such filaments have (40 K) ‫ס‬ 0.38 ⍀cm and RR ‫ס‬ 25.3. B thin films made from highpurity BH 4 precursors, post-reacted in Mg vapor, 34 have achieved even higher RR (30) and lower (0.28 ⍀cm) when fully dense. Thus the starting sample A used here indeed qualifies as being close to the presently considered clean limit, with RR ‫ס‬ 15 and (40 K) ‫ס‬ 1 ⍀cm. Although we did not perform any analytical study of the amorphous grain-boundary phase, similar-appearing grain-boundary films have been reported to be B-rich 14, 15 and must be considered to be insulating. Taking into account also the approximately 30% porosity in this sample suggests that about half of the cross-section is compromised. This compromise should not affect the RR, but it would reduce (40 K) from 1 to approximately 0.5 ⍀cm, a value very close to the values measured on the dense filament and film. Corrected values are quoted in parentheses in Table II. The source of the amorphous phases is unclear. Crystalline B (99.95% purity 11 B) and 99.999 wt% pure crystalline Mg flakes were used for the synthesis, suggesting that the amorphous phase is a reaction product, rather than residual impurities. Annealing sample A under Mg vapor to produce higher resistivity samples B (18 ⍀cm and RR ‫ס‬ 3.1) and C (13.5 ⍀cm and RR ‫ס‬ 3.1) failed to remove the B-rich interfacial amorphous pockets. Such B-rich pockets have been seen by many other authors 13, 14 and it thus seems clear that they contribute broadly to reduced cross-sections that increase nominal resistivity and lower superconducting critical current densities. 4 In turning to consider the effect of the Mg-vapor treatments on sample A, we see from Table II that all aspects of their resistivity differ from those of the three cleanlimit samples. The clean-limit samples all have a very large temperature dependence and RR of 15-35, while samples B and C have greatly enhanced resistivities and much smaller RR values of approximately 3. Even more convincing is that H c2 went up strongly. Yet nothing in the microscopy reported here shows any difference between the three samples that points to the source of the enhanced scattering. This result leads us to the logical conclusion that changes in the intragain scattering are due to dilute solid-solution alloying, point-defect formation, or strain within the MgB 2 grains undetectable by the present examinations. As suggested by Serquis et al., it is possible that point-defect studies using high-resolution x-ray diffraction can provide additional useful information on the source of scattering. 35 Such a study (carried out in parallel with electron energy-loss spectroscopy to search for doping of the grains) might help us to better identify the source of the very significant scattering that raised the critical fields of samples B and C.
V. CONCLUSION
The interfacial and intragranular microstructure of three electromagnetically well-characterized samples was systematically studied. Both clean boundaries free of secondary phases and dirty-grain boundaries wetted by amorphous phases were found in all three MgB 2 bulk samples. Sparse but locally dense and uniformly distributed nano-precipitations were discovered in some local areas of samples A and B, which were indexed as the MgB 7 phase. The phase separation was consequently suggested as Mg 1-x B 2 -MgB 2 + MgB 7 . Based on detailed inter-and intragranular nanostructure examination, we discussed the possible causes of the enhanced upper critical fields measured in samples B and C.
